Honokiol and magnolol, important anxiolytic and anti-cancer agents, have been produced in cell-suspension cultures of the endangered Mexican plant Magnolia dealbata Zucc. In vitro cultures of the plant were established, and the accumulation of honokiol and magnolol in callus and cell-suspension cultures was measured. Leaf samples were the best explants for callus establishment and metabolite production, and Murashige and Skoog medium supplemented with 1 mg/L 2, 4-dichlorophenoxyacetic acid and 1 mg/L kinetin yielded 2.3 mg/g of honokiol and 5.9 mg/g of magnolol. Bacterial and fungal contamination was inhibited with a multiple-step tissue sterilization procedure. Oxidation was inhibited with 1 g/L activated charcoal. Cell-suspension batch cultures derived from friable callus obtained from leaves of this species were grown for 30 days in shaker flasks containing Murashige and Skoog medium. Throughout the growth cycle, honokiol and magnolol levels, fresh and dry weight, and sucrose uptake were determined. The effects of carbon source concentration on biomass accumulation and the synthesis of bioactive compounds were studied. By using 3 mL of inocula supplemented with 3% (w/v) sucrose, maximum yields of honokiol (8.1 mg/g) and magnolol (13.4 mg/g) were obtained after 25 days. These yields were 300% and 382%, respectively, of the yields of honokiol and magnolol obtained from field-grown plants.
Magnolia dealbata Zucc. (Magnolidaceae), although endemic to Mexico, is not well known. The species was thought to be extinct until 1977, when it was rediscovered [1] . It survives in six populations, each with a few individuals, distributed among the cloud forests of south-central Mexico between 1,400 and 2,000 m above sea level [2] . In Mexican traditional medicine, M. dealbata is an ornamental plant, and a decoction made from its bark and leaves is used as a tranquilizer and to treat epilepsy [3] . The pharmacological effects of M. dealbata on ambulatory activity were tested in experimental models. The plant was found to reduce anxiety responses and also to reduce tonic seizures and prevented mortality [4] . Chemical screening of several Mexican Magnolia species has been conducted and M. dealbata was shown to contain honokiol (HK) and magnolol (MG). These two biphenols (see Figure 1 ) are thought to be responsible for several of the pharmacological effects of M. dealbata. These compounds, which have been isolated from several species of Magnolia, have been identified as anxiolytic agents [5, 6] and as antioxidants that protect animal tissue against lipid peroxidation [7] . Studies have indicated that HK and MG also exert a neuroprotective effect against focal cerebral ischemia-reperfusion (FCIR) injury [8, 9] , protect cortical neurons from chemical hypoxia and attenuate heat stroke-induced neuronal damage [10] .
Both compounds inhibit tumor cell invasiveness. HK exhibits potent anti-proliferative activity against SVR cells in vitro and inhibits the growth of transformed epithelial cells, demonstrating that it has both antiangiogenic and anti-tumor activity and is, therefore, highly effective against several cancer types [11] [12] [13] .
The combination of honokiol and low-dose docetaxel has been used to improve patient outcome in androgen-independent prostate cancer with bone metastasis [14] . MG possesses a strong antimetastatic capability that inhibits experimental lung metastases caused by lymphoma cells [15] .
M. dealbata (currently included on the Red List) is a valuable natural resource that is endangered as a result of habitat destruction by cattle ranching and agriculture [16, 17] . Plant culture techniques would greatly facilitate not only the in vitro production of HK and MG, but also basic research on M. dealbata, its clonal propagation and the preservation of its germplasm.
In view of its potential pharmacological benefits, the goals of this study were to define experimental conditions for obtaining suspension cell cultures of M. dealbata and to determine whether these produce HK and MG.
Leaves, stems, and hypocotyls from a single source served as the material for callus initiation cultures. Because it proved difficult to obtain aseptic M. dealbata tissue cultures, an alternative approach utilizing a two-step explant tissue surface sterilization procedure was employed. Use of this procedure prior to transfer to culture medium promoted the establishment of aseptic cultures displaying callus growth, whereas a single-step procedure resulted in cultures presenting contamination within 30 days. Use of the biocide PPM (Plant Cell Technology, Inc., Washington D.C., USA) in both the treated stem section and the growth medium was also critical to the establishment of aseptic M. dealbata cultures. When PPM was omitted, aseptic tissue cultures could not be established because of endogenous contamination, a common problem in the establishment of aseptic cultures.
In these studies, the successful establishment of aseptic M. dealbata tissue cultures required initial explant surface sterilization and subsequent tissue surface sterilization during the initial subculture.
To avoid browning, activated charcoal and/or polyvinylpyrrolidone (PVP) are often added to tissue culture media. We found activated charcoal (1 mg/L) to be superior to PVP (data not shown) because it diminished necrosis in leaf-derived calluses.
Madhusudhanan [18] also reported that addition of activated charcoal to culture medium prevented browning.
In our investigation, the frequency of callus induction from leaves, stems, and hypocotyls was dependent upon the concentration of 2,4-dichlorophenoxyacetic acid (2,4-D) and the inclusion of kinetin (KIN). We found that calluses were generated from leaves after 60 days in Murashige and Skoog (MS) [19] growth medium containing 1 mg/L 2,4-D in combination with 1 mg/L of KIN, and these exhibited maximum (99.1%) culture response and good friability. Hypocotyl and stem-derived calluses declined after 3 months, resulting in very slow-growing, browncolored calluses that died 10 weeks later. Fett-Neto's report on the production of taxol and taxane indicated that explant growth is affected by the concentrations and ratios of 2,4-D and KIN [20] . Similarly, the highest anthocyanin yield from Aralia cordata was obtained from cultures supplemented with 2, 4-D [21, 22] . In this study, only the 1 mg/L 2, 4-D with 1 mg/L KIN treatment influenced HK and MG synthesis, yielding 2.3 mg/g and 5.9 mg/g dry weight (DW), respectively, from the callus line designated FA1 after 10 weeks of culture. This was 85% of the HK production and 168% of the MG production of intact plants. The cell-suspension cultures showed continuous and stable accumulation of biomass after 10 subcultures. In each culture cycle (about 30 d), cells grew very slowly during the initial 6 d of cultivation. Thereafter, biomass accumulated rapidly, with values of 129 g/L fresh weight (FW) and 14.8 g/L DW by day 10. At this point, most of the cultures entered a stationary phase. However, some cultures continued to grow for up to 40 days, but they became dark and appeared less healthy. HK and MG production increased very slowly at the beginning of cultivation, but increased significantly starting with the sixth day. Production reached a peak (8.03 mg/g DW HK and 13.41 mg/g DW MG) on day 30 and then began to decrease. Both metabolites exhibited a continuous peaking-accumulation pattern throughout the culture period. The culture reached a stationary phase after 10 days even though a high level of sugar (ca 28 g/L) remained in the medium. Both HK and MG production were not growth associated, as evidenced by the relatively low product accumulation that occurred prior to the cell concentration reaching 14.8g/L DW.
This pilot culture demonstrated that FA2 cellsuspension cultures of M. dealbata can produce 8.0 mg/g DW HK and 13.4 mg/g DW MG. These yields are 300% and 382%, respectively, of those obtained from plants (2.7 mg/g HK and 3.5 mg/g MG).
Suspension cultures of M. dealbata were more productive than callus cultures because of the enhanced access to nutrients that they provide. In suspension cultures, cells or aggregates of cells are agitated, which not only provides aeration but also maximizes access to the phytohormones, vitamins, and other nutrients contained in the liquid medium. The physical and nutritional aspects of suspension culturing of M. dealbata make it the preferred approach for optimizing honokiol and magnolol production.
Our results indicate that cell-suspension cultures of M. dealbata produce HK and MG. Thus, these cultures are a potential alternative source of these compounds. With the goal of enhancing HK and MG production in M. dealbata, further studies will test alternative strategies such as elicitation and cell immobilization.
Experimental
Plant material: Magnolia dealbata was collected in the Mexican state of Veracruz in May 2007. The species was identified and authenticated at the Jardín Botánico "Francisco Javier Clavijero" of the Instituto de Ecología, A.C. (INECOL). A voucher specimen (12520) was deposited at the INECOL for future reference. Leaves, stems and hypocotyls were removed and washed with 5% (v/v) Extran detergent (Labo Clean, Inc., Puebla, Mexico) for 5-10 min. After soaking, the fragments were dipped into 70% ethanol (v/v) for 30 sec, followed by 1% (v/v) sodium hypochlorite for 10 min with occasional agitation, followed by three rinses with sterile distilled water and a final wash in 5% (v/v) PPM for 5 min in a laminar flow hood. The material was then dried on sterile paper and used as explants. 
Cell suspension culture:
In order to initiate batch suspension cultures of M. dealbata, 5 g of friable calluses were transferred to 100 mL of liquid MS medium with 3% (w/v) sucrose, but without phytagel. Four different hormonal treatments were initially studied for the establishment of suspension cultures and compound production: a constant concentration (2 mg/L) of KIN was supplemented with one of the following auxins: 1 mg/L 2,4-D; 1 mg/L NAA, or 1 mg/L IAA. Flasks were kept in the dark on a rotary shaker at 100 rpm (New Brunswick Scientific Co.) under the same culture conditions described previously. Successful cultures were sub-cultured every 30 days using an inoculum of 3 mL.
Kinetic studies and viability assay:
For kinetic studies of growth and HK and MG production, the following variables were measured in three replicates every 5 days over 30 days of culturing: DW; FW; cell viability; and carbohydrate uptake and bioactive compound production in the medium. FW was determined as filtered biomass, DW was determined after lyophilization, and cell viability was measured using the fluorescence diacetate method [23] .
Extraction, honokiol and magnolol identification and quantification:
Cells were harvested and lyophilized at various times during the culture. Dried cells (250 mg) and plant material were extracted as described by Gutiérrez [13] . Detection and quantification of HK and MG were performed by the reverse-phase HPLC method described by Tsai et al. [24] with a Waters 2795 (Waters Corp., Milford, MA, USA) instrument equipped with autosampling and a 996 photodiode array detector. Maximum detection wavelengths were 254 nm for HK and 290 nm for MG with retention times (Rts) of 8.8 min and 12.2 min, respectively. Rts and the ultraviolet (UV) spectra of HK and MG from cell cultures were compared with those of authentic HK (98% purity) and MG (95% of purity) (Nacalai Tesque, Inc., Kyoto, Japan).
Carbohydrate analysis:
For carbohydrate analysis, 2 mL of medium was taken every 2 days, centrifuged for 10 min at 10,000 rpm, and filtered through acrodiscs (0.45-µm pore size, Nalgene®, NY, USA). Sucrose was determined by HPLC according to the previously reported procedure [25] .
All data were expressed as mean ± standard deviation (SD) of three experiments (n = 3). Statistical significance was evaluated by one-way ANOVA, while the significance of individual comparisons was obtained by means of the Duncan multiple range test (DMRT).
